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Cross-Reference to Related Applications 
[0001] This application claims the benefit of U.S. provisional patent application serial 

number 60/278,131, filed March 23, 2001, which application is incorporated herein in its entirety 
by reference, 

5 Government Rights 

Q [0002] This invention was made with government support under Grant No. F49620-99- 

y 0197 and Grant No. F49620-0 1-0007 awarded by the United States Air Force Office of Scientific 
^ Research. The government may have certain rights in the invention. 

Wl Field of the Invention 

N- 

2 10 [0003] This invention relates generally to vacuum electron devices. More particularly, 

rz the invention relates to vacuum electron devices that comprise a photonic bandgap (PBG) 
CI structure, 

p Background of the Invention 

' [0004] Vacuum electron devices or microwave tubes are important sources of high power 

1 5 microwave radiation for use in industrial heating, plasma heating, radar, communications, 

accelerators, spectroscopy and many other applications. Extension of the operating frequency of 
these sources to higher frequency is of great interest and would open up many new applications. 
Obstacles exist to the extension of the operating frequency. 

[0005] First, as the frequency increases to the millimeter wave range, cavities operating 

20 in the fundamental mode of a waveguide (rectangular or circular, for example) require 

dimensions of less than the wavelength so that accurate fabrication is difficult and expensive. 
Dimensions of less than a millimeter are not uncommon. Second, the heat load per unit area on 
resonator walls becomes excessive at high power in such resonators. Third, it can become 
difficult to pass electron beams through small structures without beam interception. 
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[0006] The use of ovennoded cavities has been attempted to alleviate the problems of 

excessive heating and difficulty of fabrication. However, the small spacing between modes in 
conventional overmoded cavities leads to mode competition. Mode competition is a limiting 
factor in the design and operation of gyroti-on amplifiers and oscillators operating in the 
5 millimeter wave band. It is also a serious obstacle to building conventional slow wave devices 
such as traveling wave tubes and klystrons with overmoded structures in the microwave and 
millimeter wave band. Indeed, the beam tunnel in a high-power periodic permanent magnet 
(PPM) focusing klystron amplifier is typically designed to provide cutoff at the second harmonic 
in order to prevent self-oscillation. 
|=* 10 Summarv of the Invention 

N [0007] The vacuum electron device with a PBGstructiire can include a PBG structure 

H that is capable of overmoded operation, as well single mode operation. PBG structures are, in 
^ some embodiments, two-dimensional (2D) or three-dimensional (3D) periodic structures with 

restricted transmission bands at certain fi-equencies. Such vacuum electron devices include 
..,15 gyrotron oscillators and amplifiers, traveling wave tiibes, traveling wave tube amplifiers, 

klystrons microwave tubes, and the like. The device with the PBG structiire can include a single 
i cavity, or tiie device can include a plurality of cavities. The PBG structure permits the device to 

jl operate more efficiently. 

[0008] PBG cavities offer several advantages, uicluding, but not limited to, an oversized 

20 structure that offers ease of fabrication; a structure tiiat is suitable for high firequency operation; 
and a structure that can include an absorbing peripheral boundary. PBG structires can be used to 
provide higher order mode discrimination. Coupling into a PBG cavity can be performed using a 
variety of coupling schemes, and the coupling can be optimized. Coupling into a PBG cavity in 
some embodiments involves distributed coupling. Distributed coupling resuhs in relatively small 

25 distjrbance of the resonant mode firequency when compared with conventional hole coupling. 
[0009] In one aspect, the invention relates to a tmable photonic bandgap structure, 

comprising a photonic bandgap structure having a plurality of members, at least one member of 
which is movable. In one embodiment, at least one of the plurality of movable members 
comprises a rectilinear structure. 
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[0010] In another aspect, the invention features a temperature-controlled photonic 

bandgap structure, comprising a photonic bandgap structure having a plurality of members, at 
least one member of which is temperature controlled. In one embodiment, at least one 
temperature-controlled member comprises a surface that is temperature controlled by contact 
5 with a flviid. 

[0011] In another aspect, the invention concems a tunable, temperature controlled 

photonic bandgap structure, comprising a photonic bandgap structure having a plurality of 
members, wherein at least one member is movable, and wherein at least one member is 
temperature controlled. In one embodiment, the photonic bandgap structure comprises the 
1 0 plurality of members disposed in a multi-dimensional array. In one embodiment, the multi- 
O dimensional array is a periodic array. 

[0012] In yet another aspect, the invention relates to an apparatus for providing mode- 

selected microwave radiation. The apparatus comprises a vacuum electron device microwave 
generator creating microwave radiation having a plurality of modes, and a temperature controlled 
■i 1 5 photonic bandgap structure in communication with the vacuum electron device microwave 

generator. The PBG receives the microwave radiation and selects one of the plurality of modes 
of the microwave radiation to be propagated. The photonic bandgap structure comprises a 
P plurality of members disposed in a two-dimensional array wherein at least one member is 
temperature controlled. 

20 [0013] In a still further embodiment, the invention features an apparatus for providing 

mode-selected microwave radiation. The apparatus comprises a vacuum electron device 
microwave generator creating microwave radiation having a plurality of modes, and a tunable 
photonic bandgap structure in communication with the vacuum electron device microwave 
generator. The PBG receives the microwave radiation and selects one of the plurality of modes 
25 of the microwave radiation to be propagated. The photonic bandgap structure comprises a 
plurality of members disposed in a two-dunensional array wherem at least one member is 
movable. 

[0014] In a further aspect, the invention relates to an apparatus for providing mode- 

selected microwave radiation. The apparatus comprises a vacuum electron device microwave 
3 0 generator creating microwave radiation having a plurality of modes, and a tunable photonic 
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bandgap structure in commimication with the vacuum electron device microwave generator to 
receive the microwave radiation and to select one of the plurality of modes of the microwave 
radiation to be propagated, the photonic bandgap structure comprising a plurality of members 
disposed in a two-dunensional array wherein at least one member is movable, and wherein at 
5 least one member is temperature controlled. 

[0015] In yet another aspect, the invention features an apparatus for providing mode- 

selected microwave radiation. The apparatus comprises a microwave generator means for 
creating microwave radiation having a plurality of modes, and a temperature controlled photonic 
bandgap means for receiving the microwave radiation and for selecting one of the plurality of 

K 10 modes of the microwave radiation to be propagated, the temperature controlled photonic bandgap 

F! means in communication with the microwave generator means. 

si [0016] In a still further aspect, the invention is involved with an apparatus for providing 

m mode-selected microwave radiation. The apparatus comprises a microwave generator means for 
^ creating microwave radiation having a plurality of modes, and a tunable photonic bandgap means 
P 1 5 for receiving the microwave radiation and for selecting one of the plurality of modes of the 
S microwave radiation to be propagated, the tunable photonic bandgap means in commumcation 
% with the microwave generator means. 

[001 7] In one aspect, the invention features the devices themselves including the PBG 

structure. In another aspect, the invention relates to the methods of use of the devices with the 
20 PBG structure. In a fiirther aspect, the invention features methods of manufacturing the devices 

with the PBG structure. In yet a further aspect, the invention relates to methods of simulating the 

PBG structure and simulating the behavior of the PBG structure. 

[0018] In some embodiments, the PBG structure enables the device to handle higher 

powers and to have a larger size than a similar device without a PBG structure. In some 

25 embodiments, the PBG structure provides features such as filtermg, amplification, and mode 
selection. In some embodhnents, the PBG structure is an all-metal structure. In an alternative 
embodiment, the PBG structure is a structure that comprises both metals and dielectric materials. 
The PBG structure can have a plurality of members, such as cylindrical metal rods disposed 
axially therein. The members are movable, and can extend along the axial direction for a fixed 

30 distance, or can extend along the axial dkection for a distance that can be varied. The members 
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can be disposed in an array on a plane perpendicular to the axial direction. One or more of the 
members can be removed from the array to introduce a defect into the PBG structure. In some 
embodiments, the PBG structure enables a relaxation of the structural and mechanical precision 
otherwise needed in fabricating operational devices, hi one embodiment, the members, for 
example, metal rods, can be temperature controlled by flowing a fluid, such as water, 
therethrough. 

[0019] In some aspects, the invention relates to a method of modeling a PBG structure. 

The method mcludes the use of a finite element computer code for calculating eigenmodes in 
periodic metallic structures, including 2D and 3D structures. The modeling method includes 
calculations for the determination of the bulk properties of wave propagation in PBG structures, 
and calculations of the eigenmodes that appear m PBG cavities. 

[0020] The foregoing and other objects, aspects, features, and advantages of the invention 

will become more apparent from the following description and from the clauns. 

Brief Description of the Drawings 
[0021] The objects and features of the invention can be better understood with reference 

to the drawings described below, and the claims. The drawings are not necessarily to scale, 
emphasis instead generally being placed upon illustrating the principles of the invention. In the 
drawings, like numerals are used to indicate like parts throughout the various views. 
[0022] Figure 1 A is a drawing showing a perspective view of an illustrative embodiment 

m the form of a triangular (or hexagonal) symmetry photonic bandgap cavity comprismg a 
plurality of movable and temperature-controlled members, according to principles of the 
invention; 

[0023] Figure IB is a drawing showing in cutaway cross-section a structure usefiil for 

controlling the temperature of movable members, according to principles of the invention; 
[0024] Figure 2A is an illustrative diagram that shows the geometry of an embodiment of 

a square two-dimensional (2D) photonic bandgap lattice having members with radius a and 

lattice spacing b ; 
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[0025] Figure 2B is a diagram showing two-dimensional plots of the normalized 

frequency eob/c versus normalized wave vector (^J)/27t,kyb/27t) for the first- and second- 
propagation bands of a square 2D lattice calculated using a/b = 0.2 , which plots indicate the 
presence of a photonic bandgap; 
5 [0026] Figure 2C is a diagram that shows an illustrative Brillouin diagram calculated for 

a TM mode of an exemplary square array 2-D PBG cavity, according to principles of the 
invention; 

[0027] Figure 2D is a diagram that shows Hie normalized bandgap width Acob/c vs. a^ 

calculated for a TM mode of an illustrative square array PBG cavity using the PBGSS calculation 
10 and the same curve as theoretically derived, according to principles of the invention; 

[0028] Figure 3 is a diagram of calculated global bandgaps for the TM polarization in a 

series of illustrative 2D square lattices of metal members, in which the range of normalized 
frequencies (Q. = (ob/c) is plotted as a function of the ratio of rod radius to lattice spacing (a = 
a^), according to principles of the invention; 

[0029] Figure 4A is a diagram that shows constant electric field contours calculated in the 

17 GHz SUPERFISH simulation of an illustrative triangular photonic bandgap cavity geometry 
of one embodiment of the inventions; 

[0030] Figure 4B is a diagram that shows the 17 GHz HFSS simulation of RF coupling to 

the illustrative triangular photonic bandgap cavity geometry of one embodiment of the invention; 
20 [0031] Figure 5 shows a schematic diagram illustrating embodiments employing vertex 

coupling and side coupling into the photonic bandgap cavity at 17 GHz, according to principles 
of the invention; 

[0032] Figures 6A and 6B show diagrams of the measured Si i frequency dependence in 

the vertex coupling embodiment as a ftmction of tuning and the frequency predicted by HFSS 
25 simulation, according to principles of the invention; 

[0033] Figures 7 A and 7B are photographs showing an embodiment of a 140 GHz PBG 

cavity havmg a periodic triangular lattice, in perspective and side views, respectively; 
[0034] Figure 8A shows a perspective drawing of the HFSS model of an embodiment of 

the 140 GHz photonic bandgap gyrotron cavity, according to principles of the invention; 
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[0035] Figure 8B shows a mode structure for the embodiment of the photonic bandgap 

gyrotron cavity that resembles the TEosi-like mode of a conventional cylindrical cavity and 

havmg a frequency of 139.97 GHz, according to principles of the invention; 

[0036] Figure 9 is a diagram that shows the arrangement of an embodiment of the 

gyrotron oscillator device with the photonic bandgap structure ("PBG gyrotron oscillator") in a 

140 GHz operating environment, according to principles of the invention; and 

[0037] Figure 1 0 is a diagram that shows the variation of output power with magnetic 

field for an embodiment of the 140 GHz gyrotron oscillator device with the photonic bandgap 

structure, according to principles of the invention. 

Detailed Description 

[0038] One approach to overcome the problem of mode competition in overmoded 

structures is the use of PBG cavities. A PBG structure, which is a periodic array of spatially 
varying dielectric or metallic structures (or combmations of metallic and dielectric structures), 
was first described by Yablonovitch. In recent years, numerous advances have improved the 
understanding of the theory of PBG structures. This has led to new applications m passive 
devices for guiding and confinement of electromagnetic radiation. The use of PBG structures in 
both microwave and optical devices has primarily been limited to passive devices such as 
waveguides and filters, though some applications in active devices have been reported. 
[0039] Figure 1 A is a drawing showing a perspective view of an illustrative embodiment 

in the form of a triangular (or hexagonal) symmetry photonic bandgap cavity 100 comprising a 
plurality of movable and temperature-controlled members 102, disposed in a supporting 
structure, such as baseplate 105. The baseplate 105 can be made of metal. In one embodiment, 
the members 102 are metallic right circular cylinders. In other embodiments, the members 102 
are rectilinear structures such as fingers having polygonal cross section, for example, triangles, 
squares, hexagons, octagons, and the like. A two-dimensional (2D) PBG cavity 100 made of a 
lattice (or array) of members 102 with a defect (i.e., a missing member 102' or several missing 
members 102) in the center is used in a variety of microwave tubes, such as klystrons and 
coupled cavity traveling wave tubes (TWT). For the configuration shown in Figure 1 A, a defect 
mode of the lattice is used as an operating mode. The defect is provided by the deliberate 
removal (or deliberate failure to provide) a member 102', shown in phantom, at one triangular 
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vertex of the array. This defect mode is analogous to the TMoio mode of a pill-box cavity. The 
advantage of the PBG cavity 100 is that only the operating mode is localized in the vicinity of the 
defect. Higher-order high-frequency modes penetrate through the rows of members 102 and 
therefore can be damped (or spilled over) without affecting the operating mode. Thus, this cavity 
5 1 00 is capable of suppressing unwanted modes. In addition, the rf coupling into the operating 
mode is improved because the coupling is distributed over the members 102, yielding a more 
symmetric field distribution in comparison with direct waveguide coupling. 
[00401 The PBG cavity 1 00 can be tuned, for example by removal or by partial 

withdrawal of mdividual members 102. The tuning can be simulated by computations, as 
H 1 0 discussed in greater detail below. In addition, the couplmg of the cavity 1 00 can be adjusted to 
§ achieve critical coupling. Adjustments can mclude changes m the direction of propagation of the 
H electromagnetic radiation relative to the geometry of the PBG, as well as changes m the number 
P of members 1 02 present m the PBG and changes in the length of one or more members 1 02 
H within the PBG. The changes can be performed dynamically during the operation of the PBG, or 
=, 1 5 the changes can be performed with the PBG in a non-operating condition, or both sequentially. 
^ [0041] In particular, the illustrative embodiment shown in Figure 1 A comprises two 

hexagons of members 102 (e.g., metal rods or rectilinear fingers) surrounding the central defect 
(e.g., the missmg member 102' in the center of the 2D array). In this embodiment, the innermost 
hexagon comprises six (6) members 102. The next hexagon comprises twelve (12) locations that 
20 are potentially tiie sites at which members 1 02 are present. 

[00421 As can be seen in Figure 1 A, the maj ority of members 1 02 are rectilinear 

structures that extend a fixed distance above the baseplate 105. The member 102" has been 
withdrawn to the extent of substantially 100 percent of its length in the PBG (e.g. removed 
entirely), as indicated by the phantom 102" shown in outline. This withdrawal can be 
25 accompUshed by moving the member 102 shdably through a bore 107 in the baseplate 105, and 
holding the member 102 in a specific position by clampmg the member 102, for example with a 
set screw (not shown) that extends against the member 102 in the plane of the baseplate 105. 
Alternatively, the member 102 can have a thread 108 on its outer surface, which mates with an 
internally threaded bore 109 through the baseplate 1 05, so that the member 102 can be advanced 
30 into or withdrawn firom the PBG by being rotated, thereby activating an axial motion as the screw 
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thread 108 turns. The member 102"' has been withdrawn to the extent of approximately 66% of 
its extension in the PBG, while the member 102"" has been withdrawn only a modest amount. 
[0043] Figure 1 A fiirther includes an illustrative diagram that shows the geometry of a 

triangular (or hexagonal) two-dimensional (2D) photonic bandgap lattice. In Figure 1 A, the 
5 directions of the x 302 and negative y 304 vectors defining the basis vectors of the two 

dimensional array are shown. Since the lattice or array of Figure 1 A is a triangular or hexagonal 
lattice, the distance between centers of adjacent rods 102 or fingers is the distance b 306, that is, 
the centers of three rods 102, here indicated as being connected by solid lines 308, form an 
equilateral triangle which is a triangular "unit cell" of the array. The dotted parallelepiped 
S 1 0 comprising dotted lines 3 1 0 located with one of its vertices at the origin (x = 0, y = 0) indicates 
the hexagonal "unit cell" of the lattice. One can recognize the hexagonal nature of the lattice by 
considering all of the locations of rods or rectilinear fingers other than the one at the origin. In 
this diagram, the x 302 axial direction corresponds to one of several possible vertex coupling 
f directions, and the negative y 304 axial direction corresponds to one of several possible side 
O 15 coupling directions. 

^ [0044] Figure 1 B is a drawing showing in cutaway cross-section a structure useful for 

controlling the temperature of movable members 102. The member 102 is shown in cutaway 
section, and plate 105 is indicated as a plane surface. The cutaway line 104 allows the viewer to 
see the interior of the member 102. The member 102 has interior surfaces or walls 1 10, and an 
20 interior upper surface, not seen. A tubulation 1 20, such as a hose, enters tiie interior of the 
member 102 through an opening in the bottom surface 125 of the member 102. Cooling fluid 
130 provided by a source (not shown) flows up through tubulation 120 and exits its open end 
122, flowing within the interior walls 110 of member 102 so as to control the temperatiire of the 
member 102 by conduction. The fluid 130 can be water. The fluid temperature is regulated by 
25 standard means to provide adequate heating or cooling to control the temperature of the member 
102. A tubulation 1 15 for removing tiie fluid fi:om the interior of die member 102 is provided. 
The tixbulation 115 peneti-ates the bottom surface 125 of the member 102 to provide egress at an 
opening 1 17 defined within the bottom surface 125 firom the interior volume within the member 
102. As can be seen with regard to the member 102 and die phantom 102a, the member 102 can 
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be both movable and temperature-controlled. Temperature control is useful to permit operation 
of the PBG structure at high power without damage. 

[0045] RF waves propagating in a 2D periodic array of perfect conductors were studied 

for square lattices (see Figure 2A) and triangular (or hexagonal) lattices (see Figure 4). Figure 
5 2A is an illustrative diagram that shows the geometry of a square two-dimensional (2D) photonic 
bandgap lattice. In Figure 2A, the directions of the x 202 and y 204 vectors defining the basis 
vectors of the two dimensional array are shown. Since the lattice or array of Figure 2A is a 
square lattice, the distance between centers of adjacent rods 102 or fingers is the distance b 206 
in both the X and y directions. The dotted square 208 located with its center at the origin (x = 0, 
5 10 y = 0) that encloses the central member 102 of the array indicates the "unit cell" of the lattice. 
[0046] Figure 2B is a diagram showing two-dimensional plots of the normalized 

firequency cob/c versus normalized wave vector [k^b/ln.k^b/lTi:) for the first propagation 
band 220 and second-propagation band 225 of a square 2D photonic bandgap lattice calculated 
r using a / 6 = 0.2 . The plots indicate the presence of a photonic bandgap which is seen more 
rf 15 clearly in Figure 2C. 

[0047] Figure 2C is a diagram that shows an illustrative Brillouin diagram calculated for 

a TM mode of an exemplary square array PBG cavity. A Brillouin diagram is a graphical 
representation of the dispersion relation for the PBG structure, as is understood by those skilled 
in the theoretical aspects of the PBG arts. The calculation represented by Figure 2C was 
20 performed using the parameters ky = kx = 0 and a / b = 0.1 The Brillouin diagram of Figure 2C 
shows the presence of a photonic bandgap 228 everywhere in the unit cell as viewed along the x 
direction between the first propagation band 220 and the second propagation band 225. 
[0048] Figure 2D is a diagram that shows the normalized bandgap width Acob/c vs. a/b 

calculated for a TM mode of an illustrative square array PBG cavity using the PBGSS calculation 
25 (curve 230) and the curve 240 derived using quasi-static theory. A wave vector with 

[K' b,0,0) and small values of a/b aiQ represented. The PBGSS calculations are in 
good agreement with the quasi-static theory, which is valid for a / Z)< 0.05 . 
[0049] The 2D square and triangular lattices fabricated with cylindrical metal members 

were investigated analytically and computationally. An electtomagnetic code, named Photonics 
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Bandgap Structure Simulator (PBGSS), was developed to calculate the dispersion characteristics 
of 2D metal rod lattices. The square 2D lattices were analyzed to determine the propagation 
bands and the stop bands (bandgaps). An analytical model based on the quasi-static 
approximation was applied for a member diameter that is small compared with the wavelength. 
Figure 3 is a diagram 400 of global bandgaps in 2D square lattices of cylindrical metal members, 
in which the range of normalized frequencies {Q. = ©b/c) is plotted vs. the ratio of member radius 
to lattice spacing (a = a/b). 

[0050] The results of calculation of bandgaps are plotted in Figure 3 for the TM 

polarization (electric field is along the members). The calculations were made for different ratios 
a (=£j/6). The first (I) and higher order (II, III) bandgaps are shown as the range of normalized 
frequencies Q i=o)b/c) where c is the speed of light. The second bandgap (II) is shown only for a 
> 0.35, and the third bandgap (HI) for a > 0.40. It is shown in Figure 3 that global bandgaps exist 
in a 2D square lattice of cylindrical metal members for a > acnt = 0.1. 
[0051] Within the array of conductors, the system is fully specified by the conductivity 

profile, 

2 

{co^ix^-nbY^iy-mbf <a 



0, otherwise 



for a sqiiare lattice, and 

o-(x) = <7{x±) = ^ 



oo,(x-in + ^)brHy-Y"'by<a' 
0, otherwise 



(2) 



for a triangular lattice, where (x, y) are the transverse coordinates, xx = xix+ yiy, a is the radius 
of the metal member, b is the spacing of the two-dimensional array, « and m are integers. The 
conductivity profile o(x±) satisfies the periodic condition: 

CT(X^ + T) = a{xj 
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where T = nbe^ + mey for the square lattice and T = (n+m/2)bex +^3/2mbey for the triangular 
lattice. 

[0052] The wave field in a PBG structure can be decomposed into two independent 

classes of modes, namely, the transverse electric (TE) mode and the transverse magnetic (TM) 
mode. For simplicity, a single frequency wave with fixed longitudinal propagation constant 
traveling through the lattice is considered, because every wave in this structure can be expressed 
as a series of such basis waves. 

[0053] Maxwell' s equations permit all the components of the electric and magnetic fields 

to be found for a given axial component of the electric field in a TM mode or of the magnetic 
field in a TE mode. This component is denoted by: 



(3) 



where co is the angular frequency of the wave, and kz is its longitudinal propagation constant in 
the Z direction, which is normal to the x-y plane. The Hehnholtz wave equation for \i/(xi.) can be 
derived from Maxwell's equations, i.e., 



CO 



2^ 



V ^ J 



(4) 



The botmdary conditions are: 



(V)s = 0 

V 5n 



(TMMode) 



= 0 



(TE mode) 



(5) 



where S denotes the surface of the conducting poles, and n is the vector normal to the surface. 



-13- 



EXPRESS MAIL LABEL No.: EL816677502US 
Attorney Docket No.: MIT-132 (5473/145) 



M 
m 



[0054] According to the Floquet Theorem, the wave field in a periodic structure satisfies 

the condition: 

(6) 

where u(kj.+T) = u(xx), and kx = kJx+kyey is an arbitrary transverse wave vector. To find the 
field in the lattice structure, we need to solve equation (4) inside one elementary cell and satisfy 
the boimdary conditions: 

(6a) 



[0055] The results of the electromagnetic code were verified using the SUPERFISH 

P eigenmode solver, which was written at the Los Alamos National Laboratory (LANL), and is 
r 10 aynilnb]" i^t ^^-""^ wf>h site, htt p://1aacgl.lanl.gov/laacg/services/psu gall.html. Good 
S agreement was found between analytical calculations and simulations for a < 0.10. Figure 4A is a 
0 diagram that shows constant electric field contours calculated m the 1 7 GHz SUPERFISH 
5 simulation of an illustrative triangular photonic bandgap cavity geometry. The cavity 100 is 
^'^ formed of a lattice of conductive members 1 02 with a defect 102' in the center. In the diagram of 
1 5 Figure 4A, the radius of a member 1 02 is expressed as the quantity a, and the center-to-center 
spacing of adjacent members 102 is expressed as the quantity b 402. 
[0056] The SUPERFISH code was also employed to calculate the eigenmodes and 

eigenfi-equencies of a 17 GHz PBG cavity 100. Using the data fi-om the SUPERFISH 
simulations, the ohmic Q-factor and the shunt unpedance of the PBG cavity 100 were calculated. 
20 The dimensions of the cavity 1 00 and the simulation results are shown in Table 1 . The lines of 
constant axial electric field deduced in the simulation of the PBG cavity 1 00 are shown in Figure 
4A. 
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Table 1 : Parameters of the 17 GHz PBG cavity. 



Parameter 


Value 


T attifp wacino^ b 


0.64 cm 


iXUVJ. IdU-itlOj Cl 


0.079 cm 


V.^a.VlLy IdUiUo 


2.15 cm 




17.32 GHz 


Axial length 


0.787 cm 


Ohmic Q-Factor 


5200 


Shunt impedance 


2.1 MD/cm 


Calculated Coupling Frequency 


SUPERFISH: 17.32 GHz 
HFSS: 17.24 GHz 



5 [0057] Figure 4B is a diagram that shows the HFSS simulation of RF coupling to the 

illustrative triangular photonic bandgap cavity 100 geometry of one embodiment of the 
invention. 

[0058] The 1 7 GHz PBG cavity 1 GO was fabricated using a brass container with copper 

wires as the members. The movable members were fitted into holes in the brass covers. The 
1 0 copper wires were not brazed so they could be removed during the cold test. 

[0059] A vector network analyzer (VNA) was employed to characterize the 1 7 GHz PBG 

cavity 100. The Sn element of the scattering matrix was measured with the VNA. hi the cold 
test, two orientations of the waveguide ports were used with respect to the hexagon formed by 
the first row of the rods:. 

15 [0060] Figure 5 shows a schematic diagram illustrating an embodiment employing vertex 

coupling 600 and an embodiment employing side coupling 700 (shown in phantom) mto the 
photonic bandgap cavity 100. In other embodiments, the electromagnetic radiation is directed 
toward the PBG structure at an angular direction relative to one or more linear rows of members 
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102. In the vertex coupling scheme (or the vertex coupling orientation), the electromagnetic 
radiation impinges on the PBG structure in an orientation at an angle of substantially 60 degrees, 
or substantially 120 degrees if viewed as coming from the opposite direction, to two linear rows 
of members 102 that comprise adjacent sides of the hexagonal array (e.g., upon a vertex of the 
5 hexagon). In side coupling 700, shown in phantom, the radiation impinges substantially 

perpendicular to a row of members 102. In principle, the electromagnetic radiation can impinge 
on the 2D PBG cavity 100 at any angle relative to the orientation of the array of members 102. 
[0061] In Figure 5 , the rods 1 02" at positions indicated by open circles are removed, the 

rods 102"' indicate rods which are partially withdrawn in some of the observations, and the 
1 0 remaining rods 1 02 extend their full length in the cavity 1 00 for the mode of interest. The central 
9 rod 102' is removed to introduce the defect mode, and is shown as an open circle in Figure 5. 
The measured Sn frequency dependence in the vertex coupling geometry with all rods fiilly 
inserted on the PBG cavity is shown as the curve 805 in Figure 6A. The resonant frequency 
agrees relatively well (within .02%) with the frequency predicted by SUPERFISH (see Table 1). 
s 1 5 [0062] Ansoft High Frequency Structure Simulator (HFSS), a commercially-available 3D 

electromagnetic code, is used to model the experiment. Using HFSS, the Sn frequency 
dependence was calculated including ohmic losses in the cavity 100. The loaded and ohmic Q- 
factors of the PBG cavity 100 were determined from the Si i curves. For the vertex coupling 
scheme, the measured ohmic Q-factor was 900, which was half of that obtained from HFSS 
20 simulations. The reason for the low Q was that the rods were not brazed to the brass covers of 
the cavity 100. An improvement in Q may be obtained by providing a secure electrical 
connection between each movable member 102 or rectilinear finger and the brass cover with a 
conductive strap, such as a length of copper braid. The conductive strap is brazed or connected 
with a screw connection to a member 102 at one end, and brazed or otherwise connected to the 
25 brass cover at the other end. A conductive strap provides good electrical contact while 

permitting relative motion between the member 102 and the cover. An alternative approach is to 
thread the member 102, and to tap the opening in the cover into which the member 102 is placed, 
again providing good electrical contact while allowing the member 102 to be moved relative to 
the cover by rotating the member 102. The computational results are shown as curve 810 of 
30 Figure 6A. 
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[0063] The side coupling scheme demonstrated about the same performance as the vertex 

coupling scheme. In both vertex and side coupling schemes, the PBG cavity 100 was 
undercoupled. Coupling correction could be made by partially withdrawing members from the 
second row. For example, one member 102"' on each side of the cavity 100 was partially 
5 removed in the vertex coupling scheme of Figure 5 to reach critical coupling. Critical coupling 
was observed experimentally in cold test and confirmed by the HFSS simulation as shown in 
Figure 6B. The measured ohmic Q-factor was 600 at the critical coupling. In the side coupling 
embodiment, two members 102'" at each side of the PBG cavity 100 were partially withdrawn to 
reach critical coupling. 

10 [0064] Figure 6B shows the actual 905 and calculated 910 frequency dependence of 

reflectivity S n in the vertex coupling geometry of Figure 5 with the rods 1 02" ' partially 
W withdrawn from the PBG cavity 1 00. Comparison of Figures 6A and 6B indicates that the 

reflection coefficient Sn can be varied by changing the positions of rods 102 within the cavity, 
e.g., the propagation characteristics of the cavity can be tuned by changing the extension of 
1 5 various fingers within the cavity, 

[0065] As indicated by Figures 6A and 6B, a 1 7GHz PBG cavity 1 00 has been designed 

using the SUPERFISH code and has been tested on a vector network analyzer. The Q-factor and 
the shunt impedance of the cavity 100 have been calculated. The advantages of using the PBG 
cavity 100 include the variety of coupling schemes that can be implemented. The cold test was 
20 modeled usmg the HFSS code, and good agreement was found. The cavity 100 was 

undercoupled as designed. However, the coupling could be corrected when some rods were 
partially withdrawn, to obtain critical couplhig. 

[0066] Gyrotron oscillators and amplifiers have made great progress in recent years. The 

best results of gyrotron amplifiers have been obtained in the fundamental mode of circular 
25 waveguide, namely the TEi i mode, hi a single mode guide, mode competition and mode 

conversion are eliminated since higher order mode are cut off and cannot propagate. However, 
the excellent results obtained in the TEn mode cannot be extended to higher firequencies 
(-100 GHz) because the waveguide structure would be too small. In gyrotron oscillators, 
successful operation can be obtained m overmoded cavities if careful techniques of cavity design 
30 are used together with placement of the electron beam at the optimum radius for the desired 
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mode. However, at very high frequency, mode competition is still a major issue for gyrotron 
oscillators. For devices in which mode competition is a limiting factor, the PBG cavity is 
advantageous, especially at moderate power levels. 

[0067] The electromagnetic radiation in a gyrotron is produced by the mteraction of a 

5 mildly relativistic gyrating electron beam and a TE wave close to cutoff in a cavity resonator. 
The oscillation frequency is given by: 

co^/c' = l^-}^± + k\, (6) 
where, h. and k. (= ^^t/L « k±) are the transverse and longitudinal propagation constants of the 
S TEmnq wavc in the cavity of length L and ^ is an integer. The dispersion relation which 
5"! 10 determmes the excitation of the cyclotron instability is: 

at- ki^zoc = scocol-i, (7) 

fil 

f where, cOcO {= eBo/m,) is the cyclotron jfrequency, y = (1 - p'zo - P'-k))'"^ is the relativistic mass 

Q factor, pio and pzo are respectively, the transverse and longitudinal velocities of the electrons 

normalized to the velocity of Ught, s is the cyclotron harmonic number and Bo is the magnitude of 

^; 15 the static axial magnetic field. 

[0068] The beam parameters, the cavity dimension and an optimum detuning can be 

determmed to optunize the interaction efficiency. The choice of the operating mode is dictated 
by the cavity ohmic heat capacity and the window for stable smgle mode excitation at a high 
interaction efficiency. It is often noticed in gyrotrons that while optimizing the detuning of the 
20 magnetic field to increase the interaction efficiency, the device slips into a different mode 

("mode hops") if the excitation conditions for the latter mode are satisfied. This mode hopping 
in a high mode density cavity prevents the access of the high efficiency operating regime of the 
design mode. 

[0069] Traditional gyrotron cavities are cylindrical copper cavities with a downtaper to 

25 cutoff at the entrance for mode confinement and an uptaper at the exit for output coupling. These 
cavities need to be overmoded to be sufficiently large to keep the cavity ohmic load to below 
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about 2 kWW, which is a hmit imposed by conventional cooling technology. In the present 
invention the cylindrical outer copper wall is replaced with a PBG structure. 
[0070] A 140 GHz PBG cavity 100 is constructed of two oxygen free high conductivity 

(OFHC) copper endplates perforated with 121 holes in a periodic triangular lattice, as shown in 
Figures 7A and 7B. The spacing between the adjacent rows of rods in the horizontal direction is 
1 .76 mm and in the vertical direction is 1 .02 mm. 1 02 OFHC copper rods of 1/1 6 inch diameter 
are placed in the outer holes. A small hole in the center of the first (entrance) endplate formed 
the cut-off section of the cavity 100 while a larger hole in the second (exit) endplate was used to 
extract the electromagnetic radiation from the cavity 100 through diffraction. The entire 
structure is held together with mechanical fasteners such as bolts and nuts. If the fasteners are far 
enough away from the active portion of the PBG structure, the fasteners can be made of metal. If 
the fasteners are likely to be close enough to the PBG structure to affect the fields therein, the 
fasteners can be made of an insulator such as Nylon, Teflon or ceramic materials. Ceramic 
screws and nuts are known, and can be purchased from Ceramco, hic. of Center Conway, NH. 
3 1 5 [0071] A higher order TE-like waveguide mode can exist in this cavity if its resonant 

frequency lies in the stopband (bandgap) of the PBG structure. The bandgap can be adjusted 
such that the resonant frequencies of all other modes Ue in the passband of the lattice and hence 
can leak through the array that acts like a transparent wall at those frequencies. Initial lattice 
dimensions were chosen using an analytic theory, and simulations in SUPERFISH and 
20 smiulations using HFSS helped refine these dimensions. In Figure 8A, a perspective view of the 
HFSS model of the PBG gyrotron cavity 100 is shown. In Figure 8 A, an empty cfrcle 103 
designates the location of each conductive rod or member 102, corresponding to the absence of 
electric field at that location, since no field exists within the conductor. The array can hold 121 
rods but the 19 innermost rods (e.g., in an hexagonal array, the center rod and the next two layers 
25 of the hexagonal array surrounding the cenfral rod, comprising 6 and 12 rods, respectively) have 
been omitted to form the cavity. The illusfrative embodiment comprises three frail hexagonal 
layers, and all but the rods at the six (6) vertex positions of the fourth, outermost, hexagonal 
layer. The frequency of the confined eigenmode shown in the model is 139.97 GHz and the 
mode structure resembles the TEosi-like mode of a conventional cylindrical cavity, which is 
30 shown in Figure SB. The other neighboring eigenmodes, being in the passband of the lattice. 
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suffer significant losses due to the transparent cavity wall. Radiation that passes through the 
array propagates out and is not reflected back into the lattice. This feature of this novel gyrotron 
cavity is designed to permit strong smgle mode operation in the TEosi-Hke mode. 
[00721 The cavity 100 need not necessarily comprise an array of metal rods. In an 

5 alternative embodiment, it can be an array comprising either natural or synthetic dielectric 
material or a combination of dielectrics and metals. 

[0073] The 140 GHz cavity described above was tested in actual operation in an electron 

beam system shown in Figure 9. Figure 9 is a diagram that shows the arrangement of the 
gyrotron oscillator device with the PBG structure ("PBG gyrotron oscillator") 1 00 in an operating 
b 10 environment, and omits pumping ports and various diagnostic features. A hollow annular 
Sri electron beam is produced at an emitter 1320 of amagnetron injection gun (MIG) 1321, which is 

separated from the remainder of the apparatus by a gate valve 1327. The electron beam is 
il controlled and focussed within the MIG 1 32 1 by gun magnets 1 323 . The electron beam was 
^ guided through the PBG cavity 1 00 immersed in a 5 .4 Tesla (T) magnetic field provided by a 
F 1 5 superconducting magnet 1350. The electron beam traverses the PBG cavity 1 00 passmg through 
b the holes in the endplates. The spent electron beam emerging fi:om the cavity 1 00 after 
% interaction was collected by a steel pipe which also served as a waveguide to transport the 
W electromagnetic radiation from the cavity 1 GO to the window 1 330 of the gyrotron. The electron 
beam propagates in a beam tunnel 1340. Stray electrons are collected by a collector 1360 
20 situated at the downstream end of the beam tunnel 1 340. 

[0074] In order to test the PBG gyrotron oscillator for mode selectivity, the device was 

operated at 68 kV, 5 A over the magnetic field range of 4 to 6 T. This range in magnetic field 
tuning corresponds to a range of frequency tuning, of about 40% centered about the desired 
operating frequency. Figure 10 is a diagram that shows the variation of output power with 
25 magnetic field in an embodiment of the gyrotron oscillator device with the photonic bandgap 
structure. The mode 1405 with an operating frequency of 140.05 GHz (TEosi) is the only strong 
mode emanating from the cavity. Angular scans of the output radiation were used to verify that 
the 140 GHz mode is a TE03 - like mode. This result is direct confirmation of the mode 
selectivity of the PBG cavity. Figure 10 also shows the positions, along the horizontal axis, in 
30 botii units of magnetic field and frequency, of five modes tiiat are substantially absent from tiie 
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output beam. These competing modes are indicated as modes at 1 10.27 GHz (TE321), 117.35 
GHz (TE,3i), 127.74 GHz (TE421), 137.10GHz (TE231X and 144.81GHz (TE521). 
[0075] At magnetic field values away from the operating mode, the gyrotron oscillator 

has weak emission in other modes. Since the calorimeter used in the magnetic field scan of 
5 Figure 1 0 could not measure power below 1 kW, a calibrated diode was used to estimate the 
power of the weak, parasitic modes. The diode measurements confirmed that the power in the 
points shown as 0 kW in Figure 10 was everywhere less than 100 W, corresponding to at least 22 
dB down from the main mode. Observation of weak modes in a gyrotron oscillator is rather 
common and is usually due to excitation of modes in the beam tunnel before the cavity or in the 
1^ 1 0 output stracture after the cavity. By changing these structures in our experiment and observmg a 
change in the frequency and output power of the observed weak modes, we conclude that they 
are due to the surrounding structures and not due to the PBG cavity. 
m [00761 The present results may be compared to the corresponding results for a 

conventional TE031 mode cylindrical cavity gyrotron. Of particular concern m the extensively 
1 5 studied conventional TE03 1 mode cylindrical cavity gyrotron is the mode hopping to the TE231 
mode which prevents the access to the high efficiency regime of the TE031 mode. In a PBG 
gyrotron the absence of the TE231 mode leads directly to the possibility of attaining the maximum 
possible efficiency in the design mode, the TE031 mode. 

[0077] The operating parameters for the power vs magnetic field scan shown in Figure 1 0 

20 were chosen to permit beam transmission without significant interception or reflection over the 
whole range of the magnetic field values. The maximum power recorded in the design mode for 
the operating vohage and current used for the magnetic field scan is about 16 kW. By fiirther 
optimizing the design mode, a peak power of 25 kW was recorded at an efficiency of 7%. The 
observed efficiency is somewhat lower than the efficiency obtained in optimized cylindrical 
25 cavity gyrotrons. This can be explained as a result of the design of the PBG cavity input and 
output structures. For convenience, in these observations, we have used a flat plate with a hole 
for output coupling. This hole coupling results in a high cavity (diffraction) Q compared with the 
cavity ohmic Q, thus trapping too much of the generated power inside the cavity. 
[0078] PBG cavities with more highly optimized output coupling are possible. In 

30 conventional gyrofrons, output coupling is taken along the axis of the device, so called axial 
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output coupling. As has been indicated herein, the PBG cavity has the valuable feature that it can 
be used with either axial or transverse output coupling. Transverse coupling is accomplished by 
removing some of the rods in the outer rows of the PBG structure to allow some of the power to 
propagate out transversely and then building a coupler to confme and transport that radiation. 
5 Excellent results on transverse coupling into and out of a PBG structure were obtained in a test 
structure at 17 GHz. Transverse coupling can assist in extending gyrotron operation to very high 
frequencies, into the submillimeter wave band. At very high frequencies, gyrotron efficiency is 
limited by the low ohmic Q of copper cavities which scales as a}'^ and requires a low output (or 
diflfractive) cavity Q for high output efficiency to be achieved. For high interaction efficiency, 
b 10 cavities must be relatively long, of order ten wavelengths or more. With axial output coupling, 
% the cavity Q scales as {Ll\f, with L the cavity length, resulting in cavities with very high Q and a 
low overall efficiency. Transverse coupling, possible with the PBG cavity, can yield a low cavity 
Q even in a long cavity. This can provide high efficiency operation at submillimeter 
wavelengths. 

1 5 [0079] The successful demonstration of mode selective gyrotron oscillations in an 

overmoded gyrotron cavity is a very promising development for a variety of microwave tubes 
including the conventional slow wave devices such as traveling wave tubes, as well as gyrotron 
oscillators, gyro-klystrons and the gyrotron traveling wave tubes (gyro-TWTs). Of particular 
interest are the ongoing efforts to build a 100 kW gyrotron traveling wave amplifier at 94 GHz. 
20 One of the main threats to the zero drive stability of the gyro-TWT is the backward wave 

oscillation (BWO) that can propagate in the interaction structure. However, a gyro-TWT with a 
PBG interaction structure can be designed such that the BWO frequency lies in the passband of 
the lattice thus dramatically reducing the quality factor of the BWO mode in the interaction 
structure. Elimmation or reduction of the intensity of the BWO can permit operation of the gyro- 
25 TWT at higher beam currents and hence higher output powers. 

[0080] The PBG cavity is very useful in gyrotron oscillator applications at moderate 

average power levels. However, the rods of the PBG structure may not be able to dissipate as 
high an average power level as the smooth walls of conventional cylmdrical cavities. This can be 
mitigated by using thicker rods and by cooling the rods with water (or another coolant) flowing 
30 through channels in the center of each rod. The PBG structures are able to handle high peak 
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power levels. They are particularly well suited to high peak power, moderate average power 
level amplifiers. They are also very attractive for use as the buncher cavities in amplifiers at any 
power level. At very high frequencies, where moderate power levels are of interest, the PBG 
structures are also very attractive. 

[0081] Another potential application is a conventional klystron or coupled cavity 

traveling wave tube operating in a higher order mode with a PBG cavity. This can provide a 
portable source or amplifier at high power (> 10 kW), at frequencies above 100 GHz. 

Equivalents 

[0082] While the invention has been particularly shown and described with reference to 

specific preferred embodiments, it should be understood by those skilled in the art that various 
changes in form and detail may be made therein without departing from the spirit and scope of 
the invention as defined by the appended claims. 
[0083] What is claimed is: 



